Background {#Sec1}
==========

Many plant viruses, especially persistent-propagative plant viruses, infect a wide range of economical crops, including fruits, vegetables and food crops, representing a serious threat to agriculture production \[[@CR1]\]. Approximately 80% of plant viruses depend on insect vectors for transmission \[[@CR2]--[@CR4]\]. This insect dependent transmission can be divided into non-persistent, semi-persistent and persistent types, based primarily on the length of successful transmission of virus to the host plant \[[@CR5]\]. Persistent-propagative plant viruses can induce serious disease symptoms in agricultural crops \[[@CR6]\], while they generally cause asymptomatic phenotypes in vector insects \[[@CR7]\]. Persistent-propagative plant viruses encounter different defense strategies when they replicate in vector insects and host plants \[[@CR8]\]. One of the antiviral immunity strategies is the RNA silencing machinery triggered by virus infection. This machinery targets both viral transcripts and host transcripts \[[@CR9]--[@CR12]\]. Virus-derived small interfering RNAs (vsiRNAs) that are involved in the RNAi-based antiviral response can also potentially alter the host transcriptome \[[@CR13]--[@CR17]\]. However, different defense mechanisms mediated by vsiRNAs in host plants and vector insects are poorly documented.

RNA silencing is a widespread antiviral mechanism \[[@CR5], [@CR18], [@CR19]\]. vsiRNAs are processed by Dicer from double-stranded RNAs (dsRNAs) or structured single-stranded RNAs (ssRNAs) \[[@CR20], [@CR21]\]. In plants, the Dicer like (DCL) protein 4 (DCL4) primarily processes viral RNAs into 21-nt vsiRNAs. DCL2 is responsible for creation of 22-nt vsiRNAs when DCL4 is inactivated or suppressed \[[@CR22]--[@CR24]\]. In contrast, in insects, Dicer-2 and Argonaute 2 (AGO2) have substantial effects on viral replication. Viral dsRNAs accumulate during virus infection and are processed into vsiRNA duplexes by Dicer-2. These vsiRNAs are loaded onto insect AGO2 to target viral transcripts \[[@CR25]--[@CR27]\].

*Rice stripe virus* (RSV) causes rice stripe disease, one of the most destructive rice diseases in Eastern Asia \[[@CR28], [@CR29]\]. Since first discovered in 1963 in China, this disease has circulated widely and outbroken many times, causing up to 50% grain loss \[[@CR30]\]. In 2004, the infected area in Jiangsu province was 1,571,000 ha, accounting for 80% of the rice field \[[@CR31]\]. RSV belongs to the genus *Tenuivirus* and consists of four single-stranded RNA segments that encode seven proteins \[[@CR20], [@CR32], [@CR33]\]. RSV is a typical persistent-propagative plant virus and is efficiently transmitted via one of the most economically important insects, the small brown planthopper (*Laodelphax striatellus* Fallen). vsiRNAs were previously identified in RSV-infected *O. sativa, N. benthamiana* and *L. striatellus* \[[@CR21], [@CR34]\]. There is large number of RSV-derived sRNAs (vsiRNAs) in these libraries, and of these vsiRNAs, *O. sativa* is the main source followed by *N. benthamiana* and then *L. striatellus.*

However, a comparative functional analysis of RSV vsiRNAs in RSV-infected host plants and vector insects was not reported. To gain further insights into the regulatory functions of vsiRNAs in host plants and an efficient insect vector, we studied the profiles of small RNAs (sRNAs) and mRNAs in RSV-infected rice and small brown planthopper. We show that RSV not only generates vsiRNAs that accumulate in both hosts, but also generates host-specific vsiRNAs that potentially control different defensive responses in the two hosts.

Results {#Sec2}
=======

sRNA profiles in RSV-infected rice and small brown planthopper {#Sec3}
--------------------------------------------------------------

sRNA libraries were constructed and sequenced using sRNAs isolated from rice plants and small brown planthoppers after being infected with RSV for 20 d and 5 d, respectively, with three biological replicates for each group. As controls, mock-inoculated rice and insect samples were prepared and sequenced in parallel. One RSV-infected rice sample and one mock-inoculated rice sample were discarded due to poor quality and only two replicates for each group were retained for analyses. After removal of adapter sequences, and low quality reads, we obtained, on average, 15,400,564, 13,876,277, 15,309,080, and 14,117,003 clean sRNA reads from RSV-infected rice, mock-inoculated rice, RSV-infected planthopper, and mock-inoculated planthopper samples, respectively (Additional file [1](#MOESM1){ref-type="media"} and Additional file [2](#MOESM2){ref-type="media"}). After discarding reads mapped to structural RNAs (rRNAs, tRNAs, snoRNAs, snRNAs), the remaining reads were mapped perfectly to the host genome, and 9,208,240, 9,052,920, 6,727,312, and 5,842,694 host-derived sRNAs were obtained on average. These sRNAs were clustered into, on average, 2,468,202, 2,235,158, 1,330,659 and 1,141,043 unique sRNA reads.

The size distributions were quite different for rice- and insect-derived sRNAs. For rice sRNAs, the dominant sizes were 21-nt and 24-nt (Fig. [1a](#Fig1){ref-type="fig"} and Additional file [3](#MOESM3){ref-type="media"}), whereas the dominant sizes of sRNAs in planthopper were 22-nt and 26-nt to 28-nt (Fig. [1b](#Fig1){ref-type="fig"} and Additional file [3](#MOESM3){ref-type="media"}), reflecting different sRNA processing properties in these two hosts. The GC contents of sRNAs of different sizes in rice and planthopper samples were calculated. Rice-derived sRNAs had a higher average GC content than did insect-derived sRNAs (Additional file [4](#MOESM4){ref-type="media"}).Fig. 1Host-derived sRNAs in rice and small brown planthopper. (**a**, **b**) Size distribution of host-derived sRNAs in rice (**a**) and small brown planthopper (**b**). Host-derived sRNAs are 18--30-nt sRNAs with perfect match to the host genome minus those derived from structural RNAs. Numbers of sRNAs of the same size but with different 5′ terminal nucleotides were drawn in different colors. **c**, **d** 5′ terminal nucleotide frequency of host-derived sRNAs in rice (**c**) and small brown planthopper (**d**). **e**, **f** Volcano plot of differentially expressed sRNAs between mock-inoculated and RSV infected samples in rice (**e**) and small brown planthopper (**f**). Green dots represent differentially expressed unique sRNAs with significance cutoffs being fold change \> 2 and adjusted *p*-value \< 0.05

Because the 5′ terminal nucleotides of sRNAs are important for AGO sorting and function, we analyzed the 5′ nucleotide composition of sRNAs in each library. In rice, uridine (U) or adenosine (A) was the dominant 5′ terminal nucleotide for the 21-nt and 24-nt sRNAs, respectively (Fig. [1a](#Fig1){ref-type="fig"} and Additional file [3](#MOESM3){ref-type="media"}). In planthopper, U was the dominant nucleotide at the 5′ terminus for the 22-nt and 26-nt to 28-nt sRNAs (Fig. [1b](#Fig1){ref-type="fig"} and Additional file [5](#MOESM5){ref-type="media"}). In contrast, U and A were the most abundant 5′ terminal nucleotides for rice total sRNAs, while U was still the dominant 5′ terminal nucleotide for planthopper total sRNAs (Fig. [1c, d](#Fig1){ref-type="fig"} and Additional file [6](#MOESM6){ref-type="media"}).

We compared the abundance of host sRNAs in RSV-infected samples and mock-inoculated samples to identify host sRNAs that were regulated upon RSV infection. Compared to the mock-inoculated samples, 450 and 1,558 sRNAs were up- and down-regulated in RSV-infected rice, and 1,776 and 783 sRNAs were up- and down-regulated in RSV-infected planthopper (Fig. [1e](#Fig1){ref-type="fig"} and [f](#Fig1){ref-type="fig"}).

RSV-derived siRNAs in RSV-infected rice and small brown planthopper {#Sec4}
-------------------------------------------------------------------

We mapped clean sRNA reads to the RSV genome and obtained RSV-derived siRNAs. We identified 38,122 and 80,698 unique vsiRNAs in RSV-infected rice and viruliferous planthopper, respectively, and 14,006 unique vsiRNAs were found in both hosts (Fig. [2a](#Fig2){ref-type="fig"}). In RSV-infected rice, the size of vsiRNAs ranged from 18-nt to 30-nt, with a peak at 21-nt (Fig. [2b](#Fig2){ref-type="fig"}, Additional file [7](#MOESM7){ref-type="media"} and Additional file [8](#MOESM8){ref-type="media"}). In RSV-infected planthoppers, the size of vsiRNAs ranged predominantly from 18-nt to 24-nt, with a peak at 22-nt (Fig. [2c](#Fig2){ref-type="fig"}, Additional file [7](#MOESM7){ref-type="media"} and Additional file [8](#MOESM8){ref-type="media"}). In addition, the preferential occurrence of A/U at the 5′ terminus was identified for the vsiRNAs in rice and planthoppers (Fig. [2d](#Fig2){ref-type="fig"} and Additional file [9](#MOESM9){ref-type="media"}).Fig. 2vsiRNAs in rice and small brown planthopper. **a** Venn diagram showing number of unique vsiRNAs that were specific to rice or planthopper and those found in both hosts. **b**, **c** Size distribution of vsiRNAs in rice (**b**) and small brown planthopper (**c**). vsiRNAs are 18--30-nt sRNAs in RSV-infected rice and planthopper with up to one mismatch to the RSV genome. Numbers of vsiRNAs of the same size but with different 5′ terminal nucleotides are drawn in different colors. **d** 5′ terminal nucleotide frequency of vsiRNAs in RSV-infected rice and planthopper. **e**, **f** Distribution of vsiRNAs along the RSV genome in RSV-infected rice (**e**) and small brown planthopper (**f**). Four segments of the RSV genome were arranged along the X-axis with length drawn to scale. vsiRNAs that were derived from the sense and antisense strand were shown above and below the horizontal line, respectively. Numbers of vsiRNAs with the most abundant size class (21-nt in rice and 22-nt in planthopper) were separated from those of other size classes

We also looked in detail at the strand specificity and locations of origin of vsiRNAs. As shown in Fig. [2e, f](#Fig2){ref-type="fig"} and Additional file [10](#MOESM10){ref-type="media"}, the proportions of vsiRNAs that were generated from sense and antisense genome sequences were comparable in both hosts. Regarding the genomic regions from which vsiRNAs were generated, far fewer vsiRNAs were produced from RNA1 than from the other three RNA segments in rice (Fig. [2e](#Fig2){ref-type="fig"}). In contrast, RNA3 generated more vsiRNAs than the other three segments in planthopper (Fig. [2f](#Fig2){ref-type="fig"}). Moreover, accumulation peaks in the termini of viral RNA segments were observed in rice, but the vsiRNAs were more evenly distributed in planthopper (Fig. [2e, f](#Fig2){ref-type="fig"}).

The 8 most abundant vsiRNAs in rice and planthopper were selected for RT-PCR validation, respectively. The results showed that these vsiRNAs accumulated highly in RSV-infected rice/planthopper, demonstrating that RSV infection indeed generated highly abundant vsiRNAs in both host plants and vector insects (Fig. [3](#Fig3){ref-type="fig"}).Fig. 3RT-PCR validation of the expressions of vsiRNAs in RSV-infected rice (**a**) and small brown planthopper (**b**). RT-PCR assays were conducted with three independent biological replicates. U6 was used as internal control

Transcriptome alterations of rice and planthopper upon RSV infection {#Sec5}
--------------------------------------------------------------------

To explore possible regulation mechanisms mediated by vsiRNAs in rice and small brown planthopper, we analyzed their transcriptomic responses to RSV infection. The same samples used for sRNA sequencing were subjected to mRNA sequencing and differentially expressed genes (DEGs) between RSV-infected and mock-inoculated samples were identified.

After infection with RSV, a total of 989 DEGs were identified in rice, among which 273 genes were down-regulated (Additional file [11](#MOESM11){ref-type="media"} and Additional file [12](#MOESM12){ref-type="media"}). GO term enrichment analysis showed that 14 GO terms were enriched for the down-regulated genes in rice, including: response to stress, cell death, metabolic process, cell wall, extracellular region and cell as the most significantly enriched (*p*-value \< 0.01) (Fig. [4a](#Fig4){ref-type="fig"}). Furthermore, 48 down-regulated genes were potential targets of vsiRNAs according to sequence complementarity. These target genes were enriched with genes involved in: kinase activity (*p*-value \< 0.01), carbohydrate binding, protein binding, extracellular region, multi-organism reproductive process, pollen-pistil interaction, and single-organism cellular process (*p*-value \< 0.05) (Fig. [4b](#Fig4){ref-type="fig"}). In the 716 up-regulated genes of rice, the most significantly enriched GO terms were response to biotic stimulus or stress, metabolic process, oxygen binding, catalytic activity and carbohydrate binding (*p*-value \< 0.01) (Additional file [13](#MOESM13){ref-type="media"}).Fig. 4Rice genes that are potentially targeted by rice-specific vsiRNAs. **a** GO enrichment analysis of the down-regulated genes in rice after RSV infection. **b** GO enrichment analysis of the down-regulated genes that are potentially targeted by vsiRNAs. **c** Selected rice-specific vsiRNAs that potentially interact with rice genes involved in kinase activity, carbohydrate binding and pollen-pistil interaction. **d** Six predicted target genes of vsiRNA were selected to verify downregulation using qRT--PCR. qPCR data are shown as the means ± SEM (*n* = 6). \**p* \< 0.05; \*\**p* \< 0.01; \*\*\**p* \< 0.001

In RSV-infected planthopper, 551 DEGs were identified, among which 265 genes were down-regulated (Additional file 11 and Additional file [14](#MOESM14){ref-type="media"}). 20 GO terms were enriched for the down-regulated genes: extracellular matrix and region, structural constituent of chitin-based larval cuticle, chitin binding, odorant binding, chitin-based cuticle development, and chitin metabolic process (Fig. [5a](#Fig5){ref-type="fig"}).Fig. 5Planthopper genes that are potentially targeted by planthopper-specific vsiRNAs. (A) GO enrichment analysis of the down-regulated genes in small brown planthopper after RSV infection. (B) GO enrichment analysis of the down-regulated genes that are potentially targeted by vsiRNAs. (C) Selected planthopper-specific vsiRNAs that potentially target planthopper genes encoding secretion proteins or involved in serine-type endopeptidase activity. (D) Six predicted target genes of vsiRNA were selected to verify downregulation using qRT--PCR. qPCR data are shown as the means ± SEM (n = 6). \**p* \< 0.05; \*\**p* \< 0.01; \*\*\**p* \< 0.001

Seventy down-regulated genes were predicted to be the targets of vsiRNAs. These target genes were enriched in genes involved in: cuticle-related molecular functions or processes, signal recognition particle, extracellular matrix and region, oxidoreductase activity acting on paired donors, developmental pigmentation, SRP-dependent cotranslational protein targeting to membrane, and organic hydroxy compound biosynthetic process (Fig. [5b](#Fig5){ref-type="fig"}). In the 286 up-regulated genes, genes that were significantly enriched were involved in: response to gap junction, iron ion binding, cellular calcium ion homeostasis, and hexose catabolic process (Additional file [15](#MOESM15){ref-type="media"}).

Host-specific vsiRNAs targeted kinase activity genes in rice and pathogen/disease resistance genes in planthoppers {#Sec6}
------------------------------------------------------------------------------------------------------------------

We then investigated the targets of host specific vsiRNAs in rice and planthoppers. Among the 48 potential targets of vsiRNAs in rice, 17 genes were found to be targets of rice specific vsiRNAs (Fig. [4c](#Fig4){ref-type="fig"} and Additional file [16](#MOESM16){ref-type="media"}). Thirteen out of the 17 genes had a kinase activity, such as protein kinases and receptor protein kinases. The other four potential targets took part in carbohydrate binding and pollen-pistil interaction, such as D-mannose binding lectin family protein and serine/threonine-protein kinase receptor precursor. These 17 genes were predicted to be targeted by from one to three rice-specific vsiRNAs (Fig. [4c](#Fig4){ref-type="fig"}). Six of these 17 genes were selected to validate differential expression patterns between RSV-infected and mock-inoculated rice using qRT-PCR. All of the 6 genes showed significantly lower transcript levels in RSV-infected rice than in mock-inoculated rice (Fig. [4d](#Fig4){ref-type="fig"}). These results are consistent with the transcriptome data.

In the 70 potential targets of vsiRNAs in planthoppers, 6 genes were found to be targets of planthopper specific vsiRNAs (Fig. [5c](#Fig5){ref-type="fig"} and Additional file [17](#MOESM17){ref-type="media"}). Some of these encoded pathogen/disease resistance proteins, such as trypsins, serpin-5, and peritrophic matrix protein (Fig. [5c](#Fig5){ref-type="fig"}). These 6 genes were regulated by from one to three planthopper specific vsiRNAs. Among the 70 genes, we investigated 6 potential targets, among which 4 had lower transcript levels in RSV-infected planthoppers and 2 had no significant differences between RSV-infected and mock-inoculated groups (Fig. [5d](#Fig5){ref-type="fig"}).

Common vsiRNAs regulated different targets in rice and planthopper {#Sec7}
------------------------------------------------------------------

To determine whether same vsiRNAs can regulate similar pathways in host rice and vector planthopper upon RSV infection, we selected the 50 most abundant vsiRNAs from the 14,006 vsiRNAs that were expressed in rice and planthopper to predict their potential targets. A total of 39 and 58 down-regulated genes were predicted to have potential binding sites for one or more of the 50 vsiRNAs in rice and planthopper, respectively. GO analysis of the 39 predicted rice target genes showed that many of them encoded immune response and defense proteins that are involved in cell death and response to stress and biotic stimulus (Fig. [6a](#Fig6){ref-type="fig"}). In contrast, the 58 predicted planthopper target genes were most enriched in GO terms of extracellular matrix, structural constituent of cuticle, structural constituent of chitin−based larval cuticle, and chitin−based cuticle development (Fig. [6b](#Fig6){ref-type="fig"}). Therefore, it appears that RSV vsiRNAs may manipulate distinct biological processes in host plant and vector insect. To uncover whether vsiRNAs can target evolutionarily conserved genes in these two hosts, we used the 39 rice and 58 planthopper potential target genes as queries to search for homologous genes in the other host. We found that 11 rice target genes showed \> 30% identity at the amino acid level with 12 planthopper target genes. However, these homolog-like target genes did not have similar functional annotations (Fig. [6c](#Fig6){ref-type="fig"}), indicating that they may perform different functions.Fig. 6Common vsiRNAs in RSV-infected rice and planthopper potentially target genes with different functionalities. **a**, **b** Gene ontology (GO) enrichment analysis of the down-regulated genes that were potentially targeted by the 50 most highly expressed common vsiRNAs in RSV-infected rice (**a**) and viruliferous planthopper (**b**). **c** Target genes of common vsiRNA in the two hosts that show sequence homology. Blue circles represents common vsiRNAs. Black arrows represent vsiRNA-target relationship. Colored boxes with "A"-"D" labels represent predicted target genes. The genes targeted by the same vsiRNA in the two hosts are labeled by the same letter because they show sequence homology, the level of which is indicated above the black arrow

Discussion {#Sec8}
==========

In this paper, we have examined the expression profiles of vsiRNAs in RSV-infected rice and planthopper, and showed that RSV generated either same or distinct vsiRNAs, potentially regulating different biological processes in the two hosts. A few studies have shown that vsiRNAs, as pathogenicity determinants, negatively regulate host mRNAs and effectively silence host genes \[[@CR15], [@CR35]--[@CR40]\]. For example, chloroplast-related genes can be targeted by vsiRNA to regulate the symptoms of twisted-leaves and stunting \[[@CR32]\]. Our study suggests that a given virus can generate distinct vsiRNAs in different hosts to regulate different biological processes, reflecting distinct virus-host interactions.

The mechanisms of vsiRNA production may be different in plant and insect. We found that the 21-nt vsiRNA was the main size-class of vsiRNAs in rice while the 22-nt vsiRNA turned to be the most abundant class of vsiRNAs in planthopper, which was consistent with the findings from another study \[[@CR21]\]. Different sizes of vsiRNAs may be processed by different Dicers/DCLs. DCL4 is known to be mainly responsible for production of 21-nt vsiRNAs and DCL2 is responsible for the production of 22-nt vsiRNAs for rescuing silence against RNA viruses when DCL4 was inactivated or suppressed \[[@CR22]--[@CR24], [@CR41]\]. Further investigation is needed to elucidate the role of rice DCL4 and DCL2 in producing RSV vsiRNAs.

Our study revealed a preferential occurrence of uridine or adenosine residues, as compared to cytosine and guanidine, at the 5′ terminus of vsiRNAs in rice and planthopper. Previous studies have indicated that the 5′-terminal nucleotides of sRNAs control the sorting of sRNAs to specific AGO complexes in plant \[[@CR42], [@CR43]\]. In *Drosophila*, sRNAs were sorted for AGO1 or AGO2 according to their duplex structures and 5′-terminal nucleotides \[[@CR44], [@CR45]\]. The 5′-terminal nucleotides of vsiRNAs from rice and planthopper were similar, suggesting that these nucleotides of 5′-terminal may have role(s) in loading of vsiRNAs into specific AGO complexes.

The hot spots of RSV-derived vsiRNA in rice are predominantly at the terminal regions of the RSV RNA segments. This phenomenon is similar to that of *Cucumber mosaic virus* (CMV) vsiRNAs, which are also enriched in the terminal regions of CMV genomes. Moreover, this enrichment is lost in RNA-dependent RNA polymerases (*rdr*s) mutant plants infected with CMV. Thus RDRs are supposed to be involved in amplification of vsiRNAs from CMV genomic RNAs \[[@CR46]\]. The enrichment of RSV-derived vsiRNAs in the terminal regions in rice may also originate from the host RDR-mediated vsiRNAs amplification.

We find that rice-derived sRNAs tend have a higher average GC content than do insect-derived sRNAs. The sRNA structural features of different GC values may affect accessibility, stability, or activity of the components in sRNAs biogenesis pathway. Higher GC content around the sRNA generating site may result in forming a relatively more stable secondary structure, which would be a preferable substrate for DCL processing \[[@CR47]\]. The difference of GC content of insect-derived sRNAs and rice-derived sRNAs point to the different sRNAs biogenesis pathway in insect and rice.

vsiRNA acts as an effective cross-talk molecule to defend the stress signaling components of hosts after RSV infection. The potential cross reaction of vsiRNAs with host genes is a systematic counter-offensive strategy deployed by virus to shift the virus/host 'tug of war' in the pathogen's favor. Some pathogen/disease resistance genes such as genes encoding trypsins and peritrophic matrix protein are down-regulated by vsiRNAs in planthopper \[[@CR48], [@CR49]\]. The down-regulation of these resistance genes would favor RSV infection and replication in the planthopper. In rice, some crucial genes, such as those encoding protein kinases, mannose binding lectin family protein, act as hubs in the regulatory network in plant response to abiotic and biotic stress. Protein kinases are involved in defense of different plant virus infections in tomato and tobacco \[[@CR50]--[@CR53]\]. Mannose binding lectin genes are critical in developing resistance to various pathogenic organisms and insects \[[@CR54]--[@CR57]\]. Down-regulation of genes encoding protein kinases and mannose binding lectin family proteins by vsiRNAs may facilitate RSV pathogenicity in rice.

Some vsiRNA-derived sRNA common in host rice and vector planthopper were found to potentially target one or several host factors involved in various physiological pathways of different host. Similarly, vsiRNA derived from grapevine fleck virus (GFkV) and Grapevine rupestris stem pitting-associated virus (GRSPaV) were shown to target *Vitis vinifera* derived genes involved in ribosome biogenesis, biotic and abiotic stresses besides their role in plant's defense mechanism \[[@CR36]\]. Accordingly, the targets of the corresponding common vsiRNAs from both host plant and vector insect are diverse not only in sequence complementarity but on the positions of the vsiRNA targets in mRNA, secondary structural features of the target mRNA \[[@CR10]\], which could also play a significant role in small RNA-targeted gene silencing.

Methods {#Sec9}
=======

Virus, vector and host plant preparation {#Sec10}
----------------------------------------

The viruliferous and non-viruliferous small brown planthopper strains used in this work were derived from a rice field population in Hai'an, Jiangsu Province, China, in 2009, and maintained in the laboratory until now. The lengthy period of maintenance and screening make sure that no other pathogens exist in the planthopper strains. The planthoppers were reared on 2 cm to 3 cm seedlings of rice (*Oryza sativa* Huangjinqing) in glass incubators, which were sealed with a nylon mesh, at 25 ± 1 °C, 80% relative humidity, and 16 h of light per day. The planthoppers were transferred to fresh rice seedlings every 8 days to ensure sufficient nutrition. The RSV-carrying rate of the viruliferous planthopper strains were maintained at no less than 90% through a purification selection every three months using a dot-ELISA assay with the monoclonal anti-Cp antibody \[[@CR58]\].

Virus inoculation {#Sec11}
-----------------

Viruliferous fourth-instar planthoppers were transferred to fresh rice seedlings for RSV inoculation. After 24 h feeding, the planthoppers were removed and the inoculated seedlings were cultured for 20 d until disease symptom appeared. Each rice seedling was fed by three viruliferous planthoppers, and three seedlings were used in a replicate experiment. Healthy rice seedlings without inoculation were prepared and maintained at the same condition as the negative control. Leaves with typical disease symptoms from RSV-infected rice plants and leaves from healthy rice plants were collected at the same time and three biological replicates for each group were prepared for sequencing analysis.

Non-viruliferous fourth-instar planthopper nymphs were fed on an artificial diet containing the RSV crude preparations from the infected rice leaves as previously described \[[@CR59]\]. After feeding on RSV for 8 h, the nymphs were transferred to healthy rice seedlings and then collected after 5 d. Three biological replicates and 20 insects per replicate were prepared for sequencing analysis.

RNA isolation and sequencing {#Sec12}
----------------------------

Total RNA was isolated from rice plants or planthoppers using the TRIzol Reagent (Invitrogen, Carlsbad, CA, USA) according to manufacturer's instructions. Approximately 100 mg of rice leaves or 10 small brown planthoppers were ground in liquid nitrogen and mixed with 1 ml of TRIzol Reagent for RNA extraction. The concentration and quality of RNA were measured using NanoDrop spectrophotometer (Thermo Scientific, Waltham, MA, USA) and gel electrophoresis. Total RNA was used for mRNA library and sRNA library constructions. mRNA sequencing was performed on an Illumina Hiseq 2500 sequencer to generate paired-end 125 bp data and the sRNA sequencing was conducted on an Illumina Hiseq 4000 sequencer to generate single-end 50 bp sequences in Beijing Genome Institute (BGI, Shenzhen, China).

Genome datasets {#Sec13}
---------------

The rice (*Oryza sativa ssp. japonica* cv. Nipponbare) genome sequence (v. 7.0) and its gene annotations, including Gene Ontology (GO) annotations, were downloaded from the Rice Genome Annotation Project ([http://rice.plantbiology.msu.edu](http://rice.plantbiology.msu.edu/)). The genome sequence of the small brown planthopper and GO annotations have been recently published by our laboratory \[[@CR60]\].

Analysis of sRNA sequencing data {#Sec14}
--------------------------------

The adapter sequence was removed using cutadapt (v1.16) \[[@CR61]\]. Reads that were 18 nt--30 nt and contain no ambiguous nucleotide ('N') were retained as clean reads, and were clustered into unique reads with an in-house python script. For rice sRNA datasets, clean reads were mapped to the ncRNA reference (<ftp://ftp.ensemblgenomes.org/pub/plants/release-31/fasta/oryza_sativa/ncrna/Oryza_sativa.IRGSP-1.0.31.ncrna.fa.gz>) downloaded from ensemble database to remove reads mapped to known rice rRNAs, tRNAs, snRNAs using bowtie software \[[@CR62]\] with perfect matching. For planthopper sRNA datasets, clean reads mapped to the rRNAs, tRNAs, snoRNAs, snRNAs resolved by our lab \[[@CR60]\] with perfect matching were discarded. The remaining sRNA reads were then mapped to the host genome (rice or planthopper genome) with perfect matching or to RSV genome, allowing up to one mismatch. Only sRNAs with at least one mapping location were regarded as genuine sRNAs and retained for down-stream analyses. EdgeR \[[@CR63], [@CR64]\] was used to identify differentially expressed sRNAs between RSV-infected rice or planthopper samples and the corresponding mock-inoculated samples using 2-fold change in expression and FDR \< 0.05 as significance cutoffs. sRNAs with a match to the RSV genome (and without a match to the host genome) were regarded as vsiRNAs. We used psRobot \[[@CR65]\] to identify potential target genes of vsiRNAs in rice, and used Miranda \[[@CR66]\] to identify potential target genes of vsiRNAs in the planthopper.

Analysis of mRNA sequencing data {#Sec15}
--------------------------------

The quality of raw RNA sequencing reads was evaluated with FastQC (<http://www.bioinformatics.babraham.ac.uk/projects/fastqc>). To restrict to clean reads, low quality regions and adapter sequences were removed using SolexaQA (v2.2) \[[@CR67]\] and cutadapt (v1.16), respectively. Reads shorter than 25 bases were discarded. Clean reads were mapped to the host (rice or planthopper, depending on the sample source) genome sequence using HISAT2 \[[@CR68]\]. Read counts of the annotated genes were summarized by HTSeq-count \[[@CR69]\]. EdgeR \[[@CR63]\] was used to identify differentially expressed genes. The genes with at least a 2-fold change in expression level and an FDR \< 0.05 were considered to be differentially expressed. GO term enrichment analysis was performed using the R package TopGO \[[@CR70]\]. Adrian Alexi's improved weighted scoring algorithm and Fisher's test were used to determine the significance of GO term enrichment. The significantly enriched GO terms were inferred with a cutoff *p*-value less than 0.05.

Reverse transcription PCR for vsiRNAs {#Sec16}
-------------------------------------

Total RNAs was isolated from the viruliferous and nonviruliferous rice/planthoppers using TRIzol Reagent (Invitrogen, Carlsbad, CA, USA). The poly (A) was added to the 3′ end of sRNAs by *E. coli* Poly(A) Polymerase (NEB, Ipswich, MA, USA). The first-strand cDNAs of sRNAs were synthesized using Moloney murine leukemia virus (M-MLV) reverse transcriptase (NEB). The vsiRNAs were subjected to reverse transcription PCR (RT-PCR) using the SYBR Green sRNA expression assays. RT-PCR was amplified for 25--28 cycles. U6 snRNA was amplified as endogenous control. The RT-PCR primers are listed in Additional file [18](#MOESM18){ref-type="media"}.

Conclusions {#Sec17}
===========

In summary, we report here on virus/host interactions through vsiRNA-mRNA potential regulation in RSV-infected rice and planthoppers. We have demonstrated the possibility of vsiRNA-mediated downregulation of host genes using qPCR. Thus, it may be possible to use vsiRNA as effector molecules of silencing in artificial miRNA-mediated antiviral resistance. Further studies are needed to verify this interpretation.

Additional files
================

 {#Sec18}

Additional file 1:**Table S1.** Summary of sRNA sequencing data in mock-inoculated and RSV-infected rice samples. (XLSX 10 kb) Additional file 2:**Table S2.** Summary of sRNA sequencing data in mock-inoculated and RSV-infected planthopper samples. (XLSX 13 kb) Additional file 3:**Figure S1.** Size distribution of sRNAs in the mock-inoculated rice samples (A) and the second replicate of RSV-infected rice sample (B). Numbers of sRNAs with the same size but different 5′ terminal nucleotides were drawn in different colors. (XLS 28 kb) Additional file 4:**Table S3.** GC content of sRNAs in planthopper and rice samples. (PDF 220 kb) Additional file 5:**Figure S2.** Size distribution of sRNAs in the mock-inoculated planthopper samples (A) and other two replicates of RSV-infected planthopper samples (B). Numbers of sRNAs with the same size but different 5′ terminal nucleotides were drawn in different colors. (PDF 298 kb) Additional file 6:**Figure S3.** 5′ terminal nucleotide frequency of host-derived sRNAs in the mock-inoculated rice samples (A), the RSV-infected rice samples (B), the mock-inoculated planthopper samples (C), and the RSV-infected planthopper samples (D). (PDF 790 kb) Additional file 7:**Figure S4.** Size distribution of vsiRNAs in the second replicate of RSV-infected rice sample (A) and other two replicates of RSV-infected planthopper samples (B). Numbers of vsiRNAs with the same size but different 5′ terminal nucleotides were drawn in different colors. (PDF 306 kb) Additional file 8:**Figure S5.** Comparison of size distributions of vsiRNAs in RSV-infected rice and planthopper samples. (PDF 107 kb) Additional file 9:**Figure S6.** 5′ terminal nucleotide frequency of vsiRNAs in two RSV-infected rice samples (A) and three RSV-infected planthopper samples (B). (PDF 378 kb) Additional file 10:**Figure S7.** Percentage of vsiRNAs that were derived from the RSV genomic (+) and antigenomic (−) sequences in RSV-infected rice and small brown planthopper samples. (PDF 78 kb) Additional file 11:**Figure S8.** Number of up- and down-regulated genes in RSV-infected rice and planthopper samples compared with the corresponding mock-inoculated samples. (PDF 102 kb) Additional file 12:**Figure S9.** Volcano plot to show the fold change and error rates of differentially expressed genes (DEGs) in RSV-infected rice. Green dots represent DEGs. (PDF 118 kb) Additional file 13:**Figure S10.** Gene ontology (GO) enrichment analysis of the up-regulated genes in RSV-infected rice. (PDF 207 kb) Additional file 14:**Figure S11.** Volcano plot to show the fold change and error rates of differentially expressed genes (DEGs) in small brown planthopper after infected with RSV for 5 days. Green dots represent DEGs. (PDF 111 kb) Additional file 15:**Figure S12.** Gene ontology (GO) enrichment analysis for the up-regulated genes in small brown planthopper after infected with RSV for 5 days. (PDF 306 kb) Additional file 16:**Table S4.** List of 17 down-regulated rice genes that are potentially targeted by rice-specific vsiRNAs. (XLS 34 kb) Additional file 17:**Table S5.** List of 6 down-regulated planthopper genes that are potentially targeted by planthopper-specific vsiRNAs. (XLSX 54 kb) Additional file 18:**Table S6.** Primers used for RT-PCR analysis of vsiRNAs in RSV-infected rice and RSV-infected planthopper. (XLS 34 kb)
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